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We present the simulation, fabrication and optical characterization of plasmonic gold bowtie
nanoantennas on a semiconducting GaAs substrate as geometrical parameters such as size, feed
gap, height and polarization of the incident light are varied. The surface plasmon resonance was
probed using white light reflectivity on an array of nominally identical, 35 nm thick Au antennas. To
elucidate the influence of the semiconducting, high refractive index substrate, all experiments were
compared using nominally identical structures on glass. Besides a linear shift of the surface plasmon
resonance from 1.08 eV to 1.58 eV when decreasing the triangle size from 170 nm to 100 nm on GaAs,
we observed a global redshift by 0.25± 0.05 eV with respect to nominally identical structures on glass.
By performing polarization resolved measurements and comparing results with finite difference time
domain simulations, we determined the near field coupling between the two triangles composing
the bowtie antenna to be ∼8× stronger when the antenna is on a glass substrate compared to
when it is on a GaAs substrate. The results obtained are of strong relevance for the integration of
lithographically defined plasmonic nanoantennas on semiconducting substrates and, therefore, for
the development of novel optically active plasmonic-semiconducting nanostructures.
I. INTRODUCTION
Resonant metallic nanoantennas in the optical regime
have generated much interest over the last decade
due to their ability to confine light to deep subwave-
length dimensions1–4. In particular, coupled nanoparti-
cle dimers are of interest since they provide a large elec-
tric field enhancement within the feed gap5,6. This effect
holds great promise for new applications in sensing7 and
in fluorescence enhancement,8–12 as well as for emission
control13–15 of single molecules and quantum emitters.
Triangular-shaped nanoparticles in a tip-to-tip configu-
ration, the so-called bowtie nanoantenna, are used to
take advantage of the lightning rod effect. The opti-
cal response of such plasmonic nanopantennas has been
studied as a function of different geometrical parame-
ters such as size16–19, feed gap18,20–22 and shape17,23,
materials24 and wavelength range20,25,26. Beside the
widely used glass substrates, plasmonic nanoparticles
have also been investigated on semiconductor substrates
like Si or GaAs with relation to their use in photovoltaic
applications27–29. Recently, it has been theoretically
shown that the use of high refractive index substrates
such as semiconductors can boost the radiative decay rate
of quantum emitters by a factor of >7500 when the op-
tical and geometrical properties of the quantum emitters
and plasmonic nanoantenna are properly engineered30.
In this paper, we present a comprehensive study of the
optical properties of lithographically defined gold bowtie
nanoantennas on GaAs. The results obtained are com-
pared to nominally identical structures on glass to gain
deeper insights into the effect of the high refractive in-
dex substrate on the plasmonic response in the optical
regime. Complementary finite difference time domain
(FDTD) simulations were employed to find the optimized
thickness (t) of the structures and to compare our exper-
imental findings with predictions based on classical elec-
trodynamics. We optically probed the surface plasmon
resonance (SPR) frequency using white light reflectivity
as the size (s), feed gap (g) and the polarization of the
incident electromagnetic field (Θ) are varied. The SPR
shifts linearly from 1.08 eV to 1.58 eV when decreasing
the triangle size from 170 nm to 100 nm on GaAs, similar
to the shift measured on glass over the same range. We
observe a near uniform redshift of 0.25± 0.05 eV upon
moving from glass to GaAs substrates. Furthermore, the
SPR strongly depends on the feed gap between the two
triangles. With decreasing feed gap size we observe a
redshift of the SPR that follows a g−3-dependence, in-
dicative of dipole-dipole coupling between the two parti-
cles. The absolute shift between g = 80 nm and g =10 nm
was found to be 0.03 eV on GaAs, much smaller that the
0.20 eV observed on glass, indicative of a weaker coupling
strength due to the presence of the high refractive index
substrate. We quantified this interparticle coupling to be
∼8× lower on GaAs compared to a glass substrate when
probing the coupled and uncoupled mode of the bowtie
using polarization resolved measurements. Our simula-
tions indicate that this effect originates from the strongly
modified electric field distribution due to the presence of
the high refractive index substrate and the presence of a
thin native oxide layer on top of it.
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FIG. 1. (a) Schematic illustration of the sample layout.
Bowties are defined in arrays with a pitch of 1.5µm to avoid
near field coupling. Structures are illuminated from top with
light polarized along the long axis of the bowtie Θ = 0◦. (b)
FDTD simulation reveals electric field distribution (log-scale)
of a single bowtie on GaAs (s = 110 nm, g = 10 nm) 2 nm above
the gold surface at the electric dipole resonance. Inset shows
the cross section along the dashed line at y = 0 nm (linear
scale). (c) Calculated scattering spectra for varying t. Inset
shows SPR peak position as function of t with highlighted
optimum t = 35 nm. The scale on the right hand side is nor-
malized to the geometrical area of the bowtie. (d) SEM image
of a fabricated array and a close-up of a single bowtie (e) on
GaAs show gaps, and tip radii close to the resolution limit
of our e-beam system with yield of almost 100 %. (f) SEM
image for similar structures on glass substrates.
II. FABRICATION & EXPERIMENTAL SETUP
Gold bowtie nanoantennas were defined on undoped
GaAs [100] substrates using standard electron beam
lithography. As depicted schematically in fig. 1(a), they
were arranged in arrays to enhance the signal in the
white light reflectivity measurements. We chose a pitch
of 1.5 µm to avoid near-field coupling between two adja-
cent bowties31,32 whilst retaining the possibility to ad-
dress single bowties with a focused laser beam in future
experiments.
Prior to the fabrication process, we performed FDTD
simulations using a commercially available software pack-
age (Lumerical Solutions, Inc.33) to identify the optimum
thickness of the Au-film used to define our nanostruc-
tures. For future combination with semiconductor quan-
tum emitters such as InGaAs quantum dots34, it is highly
desirable to overlap the bowtie’s surface plasmon reso-
nance with the emission range of the dots at ∼ 1.3 eV
while preserving a high electric field enhancement within
the feed gap30. Fig. 1(b) shows a typical result of the
simulated electric field enhancement, defined as the ratio
of the intensity of the electric field |E|2 2 nm above the
the bowtie surface compared to the intensity of the in-
coming plane wave |E0|2. The simulation was performed
for a single bowtie (s = 110 nm, g = 10 nm) and probed at
the electric dipole resonance Eres = 1.33 eV. Here, we ob-
serve that the E-field is mostly concentrated in an area
of ∼30×30 nm2 with electric field enhancements up to
a factor of |E|2/|E0|2 = 180× using the definition spec-
ified above. The inset shows the cross section of the
field amplitude along the dashed line at y = 0 nm on a
linear scale. We calculated that 79% of the intensity
along this curve is concentrated within a region of size
-15 nm≤ x≤ 15 nm. Hence, the bowtie geometry is ca-
pable of focusing light into spatial regions, similar to the
lateral dimension of a single self-assembled InGaAs quan-
tum dot35. Besides the electric field distribution, we also
calculated the scattering cross section σ of the nanoan-
tenna, which is defined as P =σ · I0, where I0 denotes the
intensity of the used total field scattered field (TFSF)
source and P the measured power of the monitors that
completely envelope the bowtie. Plotting σ as a function
of the photon energy yields the spectral position of the
electric dipole resonance energy, which is strongly influ-
enced by the size16–19, feed gap18,20–22, shape17,23, and
dielectric environment36 of the plasmonic dimer. Typ-
ical results for s = 110 nm, g = 10 nm and varying t are
presented in fig. 1(c). With decreasing t from an initial
value of t = 60 nm down to t = 35 nm in steps of 5 nm, we
observe an expected decrease of σ from σ= 0.051 µm2 to
σ= 0.040 µm2. This value, however, is still 2.26× larger
than the geometrical area of the nanoantenna as can be
seen on the normalized scale on the right axis of fig. 1(c).
In addition, we obtained a redshift of the SPR peak po-
sition from 1.33 eV down to 1.29 eV when decreasing the
metal film thickness. For even smaller t, the redshift be-
comes more prominent and leads to SPR peak at 0.80 eV
3for 5 nm thick structures. In order to achieve the best
resolution during the electron beam lithography, result-
ing in sharp tips and small feed gaps and, therefore, a
high electric field enhancement, the structures should be
as thin as possible37. Taking into account the measured
redshift of 0.25± 0.05 eV introduced by the GaAs sub-
strate (see below), an additional redshift of 0.3-0.5 eV by
a very thin structure would require very small particle
sizes, of the order of 50 nm, to match the SPR and the
quantum dot’s emission range. Smaller particles, how-
ever, show a lower scattering to absorption ratio36 and
are, therefore, not ideal. Hence, we chose a Au thickness
of 35 nm representing the best trade-off between high res-
olution and optimum scattering properties.
Fig. 1(d) and (e) show a typical scanning electron
microscopy (SEM) image of the fabricated arrays and a
close-up of a single bowtie on GaAs, respectively. Using
a 35 nm thick Au-film we could reproducibly fabricate
feed-gaps and tip radii (r) as small as 10 nm with a yield
of almost 100 % even without using an adhesion layer.
All triangles are equilateral and we define the size of a
bowtie as the height of one individual nanotriangle com-
posing the bowtie antenna. To study the influence of the
high refractive index substrate (nGaAs = 3.54 @ T =297 K
and EPhoton = 1.3 eV
38) in more detail, we also fabricated
reference structures on glass substrates (nglass = 1.52 @
EPhoton = 2.1 eV
39), as shown in the SEM image in fig.
1(f). The geometrical properties are nominally identi-
cal to the ones on GaAs except for the presence of a
5 nm thick Titanium adhesion layer below the 35 nm Au-
film. The achieved resolution is slightly reduced due to
the non-conductive substrate which is disadvantageous
for the electron beam lithography. Further details on the
fabrication process are presented in the methods section.
To optically probe the SPR and scattering cross sec-
tion of our structures we used a room temperature white
light µ-reflectivity setup. Light from a halogen lamp was
polarized along the bowtie axis (Θ = 0◦), focused on the
sample surface, spectrally analyzed in a 0.5 m spectrom-
eter and detected with a liquid nitrogen cooled charge
coupled device (CCD) camera. Thereby, we recorded a
reflectivity spectrum from the bowtie array (SBT(ω)) and
a reference spectrum from the bare substrate directly ad-
jacent to the bowtie array (Sref(ω)). We then normalize
the two data sets according to I(ω) = [S
BT(ω)
Sref(ω)
− 1] rep-
resenting a measure of the reflectivity change caused by
the bowties. This method reveals the scattering spec-
trum and, therefore, the SPR frequency of the probed
structures. The spot size was determined to be 9µm,
such that we probe ∼ 30 bowties simultaneously leading
to good statistics with a single measurement. However,
as we observe small fabrication imperfection (≤ 10 nm)
from SEM images, it is highly likely that all spectra are
inhomogeneously broadened.
III. RESULTS AND DISCUSSION
A detailed study of the plasmonic response of the
nanoanteannas for different geometrical parameters is
presented in this section. Although the focus is on the
high refractive index, semiconducting GaAs substrate, we
compare our results to these measured for similar struc-
tures on a glass substrate. Typical normalized differential
reflectivity spectra obtained for bowtie arrays on GaAs
with g = 20± 5 nm and varying triangle sizes are shown
in fig. 2(a). As expected, the scattering cross section
and, therefore, the measured relative differential inten-
sity decreases with decreasing structure sizes, whereas
the SPR peak energy increases36. Compared to the spec-
tra recorded on glass, shown in fig. 2(b), the relative
intensity is ∼5× lower due to the enhanced reflectiv-
ity of the GaAs substrate, e.g. 0.08 compared to 0.42
for s = 150 nm. For both substrates the resonances have
a full width at half maximum (FWHM) of 0.4± 0.1 eV
corresponding to a dephasing time of 3.3± 0.8 fs, in good
agreement with values reported in the literature18,23.
The SPR peak energy as a function of the triangle size
is plotted in fig. 2(c) and (d) for GaAs and glass, re-
spectively. For g = 20 nm, we observe a linear shift from
1.57± 0.02 eV to 1.08± 0.01 eV when changing the trian-
gles size from 100 nm to 170 nm on GaAs. These values
translate to a shift rate of 7.0± 0.5 meV/nm. A qualita-
tively similar trend is observed on glass. Here, the SPR
shifts from 1.63± 0.04 eV to 1.25± 0.01 eV when tuning
the triangle size from 115 nm to 180 nm, corresponding
to a shift rate of 5.9± 0.8 meV/nm. Thus, we found shift
rates which are similar within the error and a red shift
of the SPR by 0.25± 0.05 eV between the different sub-
strates for s = 150 nm and g = 20 nm. This observation
is attributed to the higher refractive index of GaAs36 as
compared to glass. All results obtained on glass are sup-
ported quantitatively by our FDTD simulations, whereas
on GaAs we find good qualitative agreement. For all
simulations, we used a triangle tip radius r = 20 nm in-
stead of the experimental observed 10 nm. This is not
expected to have any strong quantitative impact on our
simulation results due to inhomogeneities of the triangle
size (± 5 %) that dominate the SPR frequency. We note
that the native oxide layer on top of our GaAs wafers
is included in the simulation since it strongly influences
the plasmonic properties40 due to its much lower refrac-
tive index noxide∼ 1.5 as compared to the GaAs substrate
nGaAs∼ 3.5. By selectively etching the oxide away at a
certain region of the sample and performing atomic force
microscopy measurements, we determined the thickness
of the oxide layer to be 3.5± 1 nm, in very good agree-
ment with values reported in the literature40. From our
simulations (data not shown) we expect a blue shift of
the SPR on GaAs by 0.18 eV due to the presence of a
4 nm thin oxide layer.
Another possibility to influence the SPR is to vary
the feed gap. This leads to a red shift of the SPR with
decreasing gap for both substrates due to the increased
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FIG. 2. Comparison of surface plasmon resonance properties between GaAs (left row) and glass (right row). (a),(b) Typical
SPR spectra for bowties with g = 20 nm and different triangle sizes. (c),(d) SPR peak energy as a function of the triangle sizes
for different feed gaps g: 10 nm (red), 20 nm (black), 40 nm (blue) and 80 nm (green). Solid lines are corresponding FDTD
simulations. (e),(f) SPR peak energy as a function of feed gap size g for different triangle sizes s: 110 nm and 115 nm (blue),
130 nm and 135 nm (red) and 150 nm (black).
coupling between the triangles. This mechanism lowers
the effective restoring force of the oscillating free electron
plasma in the nanoparticles and, therefore, decreases the
resonance energy36,41. To investigate this coupling effect
in more detail, we experimentally and theoretically stud-
ied the SPR as a function of g for different triangle sizes.
The results obtained on GaAs are plotted in fig. 2(e).
All curves follow a g-3-dependence, which can be derived
from the simple qualitative picture of two interacting
dipoles42. This behavior, which originates from the cubic
decay of the near field of a point dipole43, is also mea-
sured on a glass substrate. However, we observe a clear
5difference between the two material systems. Whilst for
GaAs the SPR only starts to shift when the gap becomes
smaller than g = 20 nm, we already observe a change at
g = 50 nm for glass substrates. Furthermore, the absolute
shift of 0.20 eV when decreasing the gap from g = 80 nm
to g = 10 nm is almost one order of magnitude lager for
glass compared to 0.03 eV for GaAs. All experimental ob-
servations are again confirmed by our FDTD simulations,
which agree well with the measured data (solid lines - fig.
2(e) and (f)). The obtained results indicate a weaker cou-
pling between the individual bowtie triangles on GaAs.
This could be related to increased damping of the sur-
face plasmon due to the higher refractive index substrate.
However, we believe that this is not fully responsible for
the reduction of the coupling strength by one order of
magnitude since the SPR linewidth and, therefore, the
plasmon lifetime found in fig. 2(a) is similar for both
substrates.
To gain deeper insight into the interaction behavior of
the individual triangles, we varied the polarization axis
of the incident white light and explored the impact on
the energetic position of the SPR. All measurements pre-
sented above were obtained with the polarization aligned
along the long bowtie axis (Θ = 0◦), which means that the
induced charge oscillation pushes the electrons towards
the tips at the feed gap (see inset (i), fig. 3(c)). If the gap
is much smaller than the wavelength of the driving field,
a significant fraction of the plasmon near-field can reach
the adjacent triangle and lower the restoring force of the
free electron plasma, resulting in a redshift of the SPR36.
In contrast, the electrons are pushed into the non-facing
tips of the bowtie if the polarization is rotated by 90◦
(see inset (ii), fig. 3(c)). Due to their relatively large
separation, the near-fields cannot interact strongly and
the SPR frequency is close to that of a single uncoupled
triangle (Eu.c.SPR).
In fig. 3(a) and (b), we present polarization resolved
differential reflectivity spectra for GaAs (s = 170 nm, g
= 5 nm) and glass (s = 170 nm, g = 20 nm) samples, re-
spectively. The shift from the coupled to the uncou-
pled mode is clearly visible for both substrates. Further-
more, we observe a broadening of the SPR’s FWHM by
∼ 50± 10 meV for the coupled case, which we attribute
to increased radiation damping. This effect only depends
on the volume of the probed structure44, which is twice
as large for the coupled mode than for the uncoupled
one. In fig. 3(c), the SPR peak energy is plotted as a
function of the polarization angle Θ of the incident light
for bowties on GaAs with s = 170 nm and g ranging from
5 nm to 80 nm. When the polarization is tuned perpen-
dicular to the bowtie axis (Θ = 90◦ and Θ = 270◦), we
observe values of 1.10± 0.01 eV, close to the resonance
energy of uncoupled, nominal identical triangles. The
grey dashed line indicates the position of the SPR peak
energy for a single triangle, obtained from our FDTD
simulations. Furthermore, the inset (ii) shows the corre-
sponding electric field distribution where we observe the
two independent modes of the individual triangles. In
contrast, when we turn the polarization parallel to the
long bowtie axis (Θ = 0◦ and Θ = 180◦), we probe the
coupled mode (inset (i)) and obtain a red shift, the size
of which peaks at ∆ESPR = 0.14± 0.01 eV for g = 5 nm.
This continuous change in peak energy can be well de-
scribed by ESPR(Θ) = E
u.c.
SPR − ∆ESPR · sin2(Θ) (solid
lines in fig. 3(c) and (d)) whose amplitude ∆ESPR in-
creases with decreasing gap and increasing coupling, re-
spectively. The same behavior is found for nominally
identical bowties on a glass substrate, shown in fig. 3(d).
However, we detect a redshift of ∆ESPR = 0.20± 0.01 eV
already at g = 20 nm supporting our expectation of en-
hanced interaction between the individual bowtie trian-
gles on glass as compared to GaAs. To quantify this
behavior, we plotted the obtained ∆ESPR as a function
of g as shown in fig. 3(e). As previously mentioned, on
the glass substrate there is already a significant coupling
effect for g = 50 nm, whereas on GaAs the triangles show
a relevant interaction only for g≤ 20 nm. The two curves
follow again a g-3-trend, indicating that the coupling can
be visualized as a dipole-dipole interaction41. In this sim-
plified picture we treat the triangles as two point dipoles
which are separated by g plus an additional offset g0 that
depends on the charge distribution inside the triangles.
The resulting fit formula reads then:
∆ESPR = C · (g + g0)−3 (1)
where C determines the curvature and, therefore, the
coupling strength which strongly depends on the used
geometry and substrate. From the fit of the measure-
ment data, we obtained a value for g0,glass = 30± 9 nm
and g0,GaAs = 24± 2 nm, identical within the experimen-
tal error. For C we obtained Cglass = 12.5± 6.6 keVnm3 and
CGaAs = 1.5± 0.3 keVnm3 indicating that the coupling be-
tween the triangles on glass substrates is ∼8× stronger
than on GaAs for comparable geometric parameters. In
the inset of fig. 3(e) we plotted the same data as a func-
tion of the effective separation between the two dipoles
geff = g + g0,mean on a double logarithmic scale. For the
offset we used g0,mean = 24.5 nm, the weighted mean value
obtained from our fits. As a guide to the eye, we also
plotted a dashed line having a slope of -3, indicating
that we indeed observe a g-3-trend in our measurements.
The origin of the pronounced difference between the two
material systems becomes clear upon looking at simu-
lations of the electric field intensity around the bowtie
(s = 150 nm, g = 50 nm) at the SPR frequency as shown
in fig. 3(f) and (g) on a logarithmic scale for GaAs and
glass, respectively. In the case of glass, most of the elec-
tromagnetic energy is located in and around the feed gap
of the antenna. Moreover, if g< 80 nm the fields of the
individual triangles penetrate into the neighboring nan-
otriangle and interact with the free electron plasma. In
contrast, the electric field intensity in the GaAs samples
is more strongly localized directly at the gold surface in
the feed gap and especially in the oxide layer between
the gold and the GaAs. This leads to a decrease in the
coupling strength between the two triangles compared to
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FIG. 3. Normalized differential reflectivity spectra for different polarization angles for (a) bowties on GaAs with s = 170 nm and
g = 5 nm and (b) glass with s = 170 nm and g = 20 nm. (c),(d) Corresponding SPR peak positions as a function of polarization
angle for bowties on GaAs (c) and glass (d) with various gap sizes. Solid lines are sin2-fits. Insets show simulated electric field
enhancement for (i) Θ = 0◦ and (ii) Θ = 90◦. (e) ∆ESPR as a function of gap size g. (f),(g) Simulated electric field enhancements
for bowties (s = 150 nm, g = 50 nm) on GaAs and glass, respectively, on a logarithmic scale. Insets show cross section along the
dashed line at y = 0 nm on a linear scale.
the identical structures on glass. The inset of both figures
show a cross section along the dashed line at y = 0 nm on
a linear scale. We found that the field exactly in the
middle of the feed gap is 14× enhanced on GaAs com-
pared to 79× for nominally identical triangles on glass.
Also the exponential decay of the electric field intensity
within the feed gap is faster on GaAs (5.2± 0.3 nm) than
on glass (7.8± 0.2 nm). From those findings we conclude
that the lower coupling in the GaAs samples can be ex-
plained by a lower overlap of the electric fields between
the two triangles.
It is remarkable that the calculated field enhancement
7in the GaAs samples is largest at the gold/oxide inter-
face where enhancement factors up to 570× were found
as compared to 90× at the gold/air interface. In fu-
ture experiments, this strong field enhancement could be
used in optically active plasmonic-semiconducting sys-
tems, where bowtie antennas are coupled to proximal
active emitters such as InGaAs quantum dots in order
to tailor their emissive properties45,46. Furthermore, we
point out that by addressing single bowties, further de-
creasing the gap size, and using monocrystalline gold19,47
it should be possible, especially on a glass substrate, to
reach a regime where the splitting between the coupled
and uncoupled mode of a bowtie is bigger than their
linewidth. This tunable and significant coupling between
the two orthogonally polarized plasmonic modes may
open the way toward THz spectroscopy and parametric
coherent driving of isolated nano objects placed into the
feed gap48,49. Moreover, the use of a semiconductor sub-
strate as demonstrated in this study may even facilitate
such experiments on individual quantum emitters that
have already demonstrated excellent coherence proper-
ties. It could, therefore, be possible to link the THz and
optical regimes coherently at the quantum limit.
IV. CONCLUSIONS
In summary, we presented a comprehensive study of
the optical properties of gold bowtie nanoantennas de-
fined by electron beam lithography on GaAs substrates.
Using FDTD simulations, we determined the optimum
Au thickness of our structures to be ∼ 35 nm represent-
ing a tradeoff between good scattering properties and
structures having small feed gaps and sharp tip radii.
We fabricated bowtie nanoantennas with sizes s = 100-
190 nm, feed gaps g = 5-80 nm and tip radii of the or-
der of 10 nm on GaAs and glass. The SPR peak en-
ergy for bowtie antennas on GaAs samples was found
to red shift linearly with increasing size at a rate of
7.0± 0.5 meV/nm and can, therefore, be tuned through
the emission range of self-assembled InGaAs quantum
dots around 1.3 eV. We found a uniform global redshift
of the SPR of 0.25± 0.05 eV on GaAs compared to the
samples on glass. Gap dependent measurements showed
a clear difference in the coupling strength, as we observed
a redshift of 0.03 eV on GaAs when decreasing the feed
gap from 80 nm to 10 nm compared to 0.20 eV for the
glass sample. Using polarization resolved measurements,
we quantified the coupling strength to be ∼8 times lower
on GaAs as compared to glass. From our simulations,
which support our obtained results, we conclude that
this effect is caused by a modification of the electric field
distribution due to the difference of the substrate’s re-
fractive indices and the presence of a 4 nm thin native
oxide layer on top of the GaAs wafer. The obtained re-
sults provide important information for the integration of
plasmonic nanoantennas in novel, photonic, on-chip de-
vices and the design of future plasmonic hybrid systems.
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Appendix A: Methods
The samples investigated were defined on undoped
GaAs [100] wafers or glass (MENZEL microscope cover
slips) substrates. After cleavage, the samples were
flushed with acetone and isopropanol (IPA). In order to
get a better adhesion of the e-beam resist, the samples
were put on a hot plate (170 ◦C) for 5 min. An e-beam
resist (Polymethylmethacrylat 950K, AR-P 679.02, ALL-
RESIST) was coated at 4000 rpm for 40 s at an acceler-
ation of 2000 rpm/s and baked out at 170 ◦C for 5 min,
producing a resist thickness of 70 ± 5 nm. For the glass
samples, we evaporated 10 nm aluminum on top of the
PMMA layer to avoid charging effects during the e-beam
writing. The samples were illuminated in a Raith E-
line system using an acceleration voltage of 30 kV and
an aperture of 10µm. A dose test was performed for
every fabrication run, as this crucial parameter depends
on the varying electron beam current. Typical values
were 800µAs/cm2 for GaAs and 700µAs/cm2 for glass
substrates. After the electron beam writing the Al layer
on the glass samples was etched away using a metal-ion-
free photoresist developer (AZ 726 MIF, MicroChemi-
cals). All samples were developed in Methylisobutylke-
ton (MIBK) diluted with IPA (1:3) for 45 s. To stop the
development, the sample was rinsed with pure IPA. For
the metalization an electron beam evaporator was used
to deposit a 5 nm Titanium adhesion layer for the glass
and 35 nm gold for all substrates at a low rate of 1 A˚/s.
The lift-off was performed in 50 ◦C warm acetone, leaving
behind high quality nanostructures with features sizes in
the order of 10 nm.
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